Abstract Purpose: We studied the expression levels of cyclins B1, D1, and E1 and the implications of cyclin overexpression for patient outcomes in distinct breast cancer subtypes defined by clinical variables and transcriptional profiling. Experimental Design: The expression levels of cyclins B1, D1, and E1 were quantified in 779 breast tumors and 53 cell lines using reverse phase protein arrays and/or transcriptional profiling. Results: Whereas cyclin E1 overexpression was a specific marker of triple-negative and basal-like tumors, cyclin B1 overexpression occurred in poor prognosis hormone receptor-positive, luminal B and basal-like breast cancers. Cyclin D1 overexpression occurred in luminal and normal-like cancers. Breast cancer subgroups defined by integrated expression of cyclins B1, D1, and E1 correlated significantly (P < 0.000001) with tumor subtypes defined by transcriptional profiling and clinical criteria. Across three hormone receptor-positive data sets, cyclin B1 was the dominant cyclin associated with poor prognosis in univariate and multivariate analyses. Although CCNE1 was present in significantly higher copy numbers in basal-like versus other subtypes (AN-OVA P < 0.001), CCNB1 gene copy number did not show gain in breast cancer. Instead, cyclin B1 expression was increased in tumors with co-occurrence of TP53 mutations and MYC amplification, a combination that seems to characterize basal-like and luminal B tumors. CCNB1 gene expression was significantly correlated with PLK, CENPE, and AURKB gene expression. Conclusion: Cyclins B1, D1, and E1 have distinct expressions in different breast cancer subtypes. Novel PLK, CENPE, and AURKB inhibitors should be assessed for therapeutic utility in poor prognosis cyclin B1-overexpressing breast cancers.
receptor (PR) and on the presence or absence of HER2 amplification [i.e., hormone receptor (ER and/or PR)-positive, HER2-positive, and triple negative]. The intrinsic gene-based classification is derived using transcriptional profiling and subdivides breast cancer into luminal A and B, HER2-positive, basal-like, and normal-like subtypes (12) (13) (14) . There is significant overlap between the two classification systems, with triple-negative cancers expressing a basal-like profile and luminal A and B cancers composed largely of hormone receptor-positive tumors (15) . The outcomes of patients with luminal B cancers are inferior to those of patients with luminal A cancers.
The comparative expression of cyclins B1, D1, and E1 across these distinct breast cancer subtypes along with the relevance of cyclin overexpression to patient outcomes specifically within these subtypes have not been well reported. Further, the clinical significance of cyclin B1 overexpression in breast cancer is not as well defined as that of cyclin D1 or E1. Thus, we applied reverse phase protein arrays (RPPA; refs. [16] [17] [18] [19] and/or transcriptional profiling to quantify the expression of cyclins B1, D1, and E1 in 779 breast tumors and 53 breast cancer cell lines. We show that the expression levels of cyclins B1, D1, and E1 are differentially deregulated in different breast cancer subtypes. Cyclin B1 overexpression is associated with the combination of TP53 mutation and MYC amplification. In three independent tumor sets, cyclin B1 is the dominant cyclin associated with poor prognosis in hormone receptor-positive breast cancer in both univariate and multivariate analyses. Coordinate overexpression of cyclins B1 and D1 and of cyclins B1 and E1 is associated with adverse patient outcomes across all breast cancers and specifically in hormone receptor-positive breast cancers.
Materials and Methods
Human breast tumor samples. Four tumor cohorts were collected under institutional review board-approved protocols. The first cohort (A) was composed of 390 primary breast tumors obtained from the Breast Tissue Frozen Tumor Bank at the M.D. Anderson Cancer Center (Supplementary Table S1 ). These tumors were subdivided into three clinically relevant categories by immunohistochemistry or RPPA for ER and PR status and by immunohistochemistry, fluorescent in situ hybridization, or RPPA for HER2 status. Transcriptional profiling data were not available for this tumor set.
The second cohort (B) of 168 primary breast tumors was collected from patients enrolled in the Danish DBCG82 b and c breast cancer studies (Supplementary Table S2; ref. 20) . These tumors were classified into one of the five intrinsic breast cancer subtypes by transcriptional profiling (12) (13) (14) .
The (21, 22) . Supplementary Fig. S1 summarizes the sample sets used in this study.
Breast cancer cell lines. The lysates of 53 cell lines (Supplementary  Table S3 ) were obtained from the Lawrence Berkeley National Laboratory. The cell lines were cultured in complete medium (RPMI supplemented with 5% fetal bovine serum) before protein extraction.
Reverse phase protein lysate microarray. Protein was extracted from tumors in cohorts A to C and from cell lines and probed for expression of cyclins B1 (1495-1 antibody, Epitomics, Inc.) and D1 and E1 (sc-247 and sc-718 antibodies, Santa Cruz Biotechnology, Inc., respectively) by RPPA as previously described (16) (17) (18) (19) .
Transcriptional profiling. The microarray system applied to cohort B was the Applied Biosystems Human Genome Survey Microarray version 2.0. Details of the array procedure can be found at the Web site. 9 These microarray data were used to apply the 70-gene Amsterdam (Mammaprint; ref. 23 ) and the 76-gene (24) and genomic grade signatures (25) to cohort B to facilitate a comparison between these genomic signatures and cyclin B1 protein expression levels. However, because of the differences between the Applied Biosystems platform applied to cohort B and the platforms used to develop these signatures, only the 70-gene Amsterdam (Mammaprint; ref. 23 ) signature could successfully be applied to the transcriptional data for cohort B.
The microarray system applied to breast cancer cell lines and cohort D was the Affymetrix high-density oligonucleotide array human HG-U133A chip (21, 22) . These data are available in the CaBIG repository, 10 in the Berkeley Lab database, 11 and in the ArrayExpress Web site, 12 with accession number E-TABM-157/158. Mass spectroscopy-based approach evaluating PIK3CA mutation status. A mass spectroscopy-based approach evaluating single nucleotide polymorphisms was used to detect 23 known mutations in PIK3CA (PIK3-CA_A1046V, PIK3CA_C420R, PIK3CA_E110K, PIK3CA_E418K, PIK3CA_E453K, PIK3CA_E542K, PIK3CA_E545K, PIK3CA_F909L, PIK3CA_G1049R, PIK3CA_G451L456_V, PIK3CA_H1047L, PIK3-CA_H1047R, PIK3CA_H1047Y, PIK3CA_H701P, PIK3CA_K111N, PIK3CA_M1043V, PIK3CA_N345K, PIK3CA_P539R, PIK3CA_Q060K, PIK3CA_Q546E, PIK3CA_R088Q, PIK3CA_S405F and PIK3-CA_T1025S; ref. 17) . PCR and extension primers for PIK3CA were designed using Sequenom, Inc., Assay Design. PCR-amplified DNA was 9 http://www3.appliedbiosystems.com/cms/groups/mcb_marketing/ documents/generaldocuments/cms_040420.pdf 10 
Translational Relevance
This study is the first to comprehensively examine the relevance of overexpression of cyclins B1, D1, and E1 to the clinical behavior of distinct breast cancer subtypes. The expression levels of cyclins B1, D1, and E1 are differentially deregulated in different breast cancer subtypes, suggesting that these cyclins may have distinct roles in the different subtypes. Cyclin B1 is the dominant cyclin associated with poor prognosis of hormone receptor-positive breast cancers; thus, high cyclin B1 expression identifies breast tumors that are unlikely to be cured with antihormonal therapy alone. Indeed, cyclin B1 overexpression is a stronger predictor of hormone receptor-positive breast cancer recurrence than intrinsic subtype. Given strong correlations between the expression levels of CCNB1 and of PLK, CENPE, and AURKB genes, novel PLK, CENPE, and AURKB inhibitors may have utility in the treatment of aggressive cyclin B1-overexpressing breast cancers (basal-like and luminal B cancers).
cleaned using EXO-SAP (Sequenom); the primer was extended by IPLEX chemistry, desalted using Clean Resin (Sequenom), and spotted onto Spectrochip matrix chips using a nanodispenser (Samsung). Chips were run in duplicate on a Sequenom MALDI-TOF MassArray system. Sequenom Typer Software and visual inspection were used to interpret mass spectra. Reactions where >15% of the resultant mass ran in the mutant site in both reactions were scored as positive.
Statistical analysis. The RPPA spot signal intensity data from MicroVigene (VigeneTech, Inc.) was processed by the R package SuperCurve (version 1.01; ref. 18). 13 A fitted curve (called "supercurve") was plotted with the signal intensities on the Y axis and the relative log 2 concentration of each cyclin protein on the X axis using the nonparametric, monotone-increasing B-spline model (18) . The protein concentrations were derived from supercurve for each sample lysate on the slide by curve fitting and then normalized by median polish. Each cyclin protein measurement was subsequently corrected for loading as previously described (16) (17) (18) (19) .
Means and SDs were generated for expression of each cyclin and compared between groups using two-sample t tests and ANOVA. To examine survival, the time to death or censoring was computed in years since diagnosis for each patient, and recurrence-free survival (RFS) time to event was computed as years to first relapse or death after diagnosis for each patient. Overall survival (OS) time was censored at the date of the last follow-up if death was not observed. RFS time was censored at the date of the last follow-up if no relapses were observed and death was not observed. RFS and OS probabilities were estimated using the Kaplan-Meier product limit method as well as univariable and multivariable Cox models. These statistical analyses were done using the SPSS16.0 (SPSS, Inc.) and NCSS/PASS softwares. Reported P values are two-sided.
For clustering and heat map generation, the softwares X cluster and Treeview were used.
Results
Cyclins display breast cancer subtype-specific expression. Whereas cyclin B1 ( Fig. 1 ) was expressed at significantly higher levels in triple-negative cell lines compared with other subtypes by RPPA, cyclin E1 ( Fig. 2) was not ( Fig. 1A and 2A ). In human breast cancers (cohort A), both cyclin B1 and E1 proteins were expressed at significantly higher levels in triple-negative tumors compared with hormone receptor-positive and HER2-positive cancers (Figs. 1B and 2B). Despite their significant and direct associations with tumor grade (Figs. 1C and 2C), cyclin B1 and E1 expression levels were not significantly different between hormone receptor-positive and HER2-positive breast cancers (P = 0.50 and 0.70, respectively) or cell lines (P = 1.0 and 0.93, respectively). With the analysis confined to 125 highgrade (grade 3) tumors, only cyclin E1 expression remained significantly higher in triple-negative compared with other breast cancers (Figs. 1D and 2D). These data suggest that cyclins B1 and E1 are markers of breast cancer grade and that cyclin E1 is also a specific marker of triple-negative tumors.
In contrast, cyclin D1 protein expression levels were significantly higher in hormone receptor-positive cell lines and breast cancers and in low-grade breast cancers compared with other subtypes and grades ( Supplementary Fig. S2A-C) . With the analysis confined to high-grade tumors, cyclin D1 expression remained significantly higher in hormone receptor-positive compared with other cancers (Supplementary Fig. S2D ). Thus, cyclin D1 is a marker of low grade in breast cancer and of hormone receptor-positive tumors.
In cohort B, the associations among the expression levels of the three cyclins and the clinically defined breast cancer subgroups were confirmed. In addition, the cyclin B1 protein was expressed at high levels in basal-like and luminal B intrinsic breast cancer subtypes compared with other subtypes; cyclin D1 was expressed at high levels in luminal A, luminal B, and normal-like cancers; and cyclin E1 was expressed at high levels in basal-like cancers (Fig. 3) . These associations were confirmed at the transcript level in cohorts B and D (not shown). Thus, breast cancer subtypes defined by transcriptional profiling, as well as subtypes defined using clinical criteria, express cyclins at significantly different levels. Further, the pattern of cyclin expression was consistent in cohorts A, B, and D.
There was no significant association between breast cancer stage and the expression level of any assayed cyclin. Unlike cyclin D1, both cyclins B1 and E1 were expressed at significantly higher levels in ductal versus lobular and mixed histology breast cancers (ANOVA P = 0.01, 0.027, respectively).
In general, cyclin B1 was most tightly, and cyclin D1 least tightly, correlated with expression of the known proliferation marker Ki67. In the cell lines and cohorts D and B, respectively, where mRNA expression data were available for all markers, the correlation coefficients between Ki67 mRNA and the cyclin transcripts were as follows: cyclin B1 [0.46 (P = 0.001), 0.63 (P = 0), 0.83 (P = 0)], cyclin D1 [0.06 (P = not significant, NS), -0.10 (P = NS), 0.27 (P = 0)], and cyclin E1 [0.34 (P = 0.01), 0.56 (P = 0), 0.48 (P = 0)]. In cohort D, Ki67 protein expression levels were available. In this data set, the correlation coefficients between Ki67 protein and mRNA expression of the three cyclins were 0.26 (P = 0.03), 0.10 (P = NS), and 0.26 (P = 0.03) for cyclins B1, D1, and E1, respectively.
Cyclin B1 overexpression is associated with poor prognosis in hormone receptor-positive breast cancer. In breast tumor cohorts A and B, high cyclin B1 and E1 but not cyclin D1 expression levels as determined by RPPA were significantly associated with poor RFS and OS times. However, given that breast cancer represents several molecularly and clinically different subtypes, and given that cyclins B1 and E1 are overexpressed in those subtypes that have poor outcomes with current therapies, we examined the effect of cyclin overexpression within the breast cancer subtypes.
Tumor grade is a major determinant of hormone receptorpositive breast cancer patient outcomes. Given the significant associations between cyclin protein expression levels and tumor grade, we studied the relationship between the expressions of cyclins B1, D1, and E1 and patient outcomes specifically in hormone receptor-positive breast cancer. For this purpose, we used RPPA data derived from 195 earlystage hormone receptor-positive breast tumors in cohort A (Table 1) as a test set and 77 patients with nonmetastatic ERpositive breast cancer from cohort B as a validation set. We specifically selected these tumors because they were derived from patients who were homogeneously treated with adjuvant tamoxifen only after definitive locoregional therapy. In 195 tumors in cohort A, neither cyclin D1 nor cyclin E1 protein expression levels were significant univariate predictors of RFS or of OS, although a borderline association was found between high cyclin D1 expression and impaired RFS (P = 0.08). However, high cyclin B1 protein expression was a significant predictor of tumor recurrence after adjuvant tamoxifen therapy in a univariate analysis (P < 0.001) and in multivariable Cox models ( Fig. 4A; Supplementary Table S4 ). In univariate and multivariate analyses of OS ( Fig. 4B; Supplementary Table S4 ), high tumor cyclin B1 protein expression was also a significant predictor of death. Cyclin E1 was quantified using RPPA and the quantification data were log 2 transformed and mean centered for expression on the Y axis.
In the independent validation set of 77 patients with nonmetastatic ER-positive breast cancer from cohort B who were treated with adjuvant tamoxifen only after locoregional therapy, there were similar findings with a statistically significant association between high cyclin B1 expression and impaired RFS and OS times. In a multivariable RFS model, including cyclin B1 protein expression, grade, PR status, stage (tumor size and nodal status), and patient age, only cyclin B1 protein expression retained significance as a predictor of RFS (P = 0.004) and OS (P = 0.001). In a two-variable Cox model, high cyclin B1 expression (P = 0.01, 0.02) was a superior predictor, respectively, of poor RFS and OS than intrinsic subtype (P = 0.47, 0.29). Further, cyclin B1 protein expression levels were significantly higher in 31 "high-risk" breast tumors versus 40 "low-risk" breast tumors (P = 0.00006) when risk was assessed using the 70-gene Amsterdam signature (Mammaprint). Both the 70-gene signature (P = 0.04, 0.03) and cyclin B1 protein level (P = 0.01, 0.003) retained prognostic significance in a two-variable multivariate Cox model for RFS and OS, respectively. These data confirm the association between high cyclin B1 protein expression and hormone receptor-positive breast cancer relapse after adjuvant tamoxifen and suggest that cyclin B1 overexpression may be a stronger predictor of adverse hormone receptor-positive breast cancer patient outcomes after hormonal therapy than the intrinsic subgroup. Further, cyclin B1 protein expression adds to the predictive performance of the 70-gene signature.
To investigate the association between cyclin B1 protein expression and prognosis of women with untreated early-stage hormone receptor-positive breast cancer (versus the role of cyclin B1 in prediction of adverse outcomes after adjuvant tamoxifen), we applied RPPA to 51 primary hormone receptor-positive breast tumors derived from women who underwent no adjuvant treatment after locoregional therapy (cohort C). In contrast to cyclins D1 and E1, high cyclin B1 protein expression was a significant predictor of tumor recurrence and death ( Supplementary Fig. S3 ).
Cyclin protein expression in triple-negative breast cancer. In univariate analyses in triple-negative breast cancer patients (cohort A), neither cyclin B1 nor cyclin E1 expression was significantly associated with cancer stage or with RFS or OS. Grade was not analyzed as almost all triple-negative tumors were of high grade.
Integrated cyclin B1, cyclin D1, and cyclin E1 profiling can reproduce breast cancer subtyping. Here, we used all tumors in cohort A as a test set and all tumors in cohort B as a validation set. In cohort A, cyclin B1, D1, and E1 protein expression levels were integrated in a heat map. This analysis defined three tumor subgroups-(i) one with high cyclin B1 and E1 expression levels, (ii) one with high cyclin B1 and D1 expression, and (iii) another subgroup composed largely of tumors with high expression of cyclin D1 only. RFS and OS rates were significantly poorer among patients with breast tumors in subgroups i and ii versus patients with breast cancers in subgroup iii. There was a significant association on cross-tabulation between the three cyclin groups identified by clustering and the three clinically defined breast cancer subgroups. These data were validated in the independent set of breast tumors in cohort B (Fig. 5) , in which there was also a statistically significant association between the three-group cyclin clustering and the five-group intrinsic subtyping (Supplementary Table S5 ; P < 0.000001). The prognostic significance of the cyclin clustering was also retained when this analysis was confined to only patients with ERpositive breast cancer (not shown). Fig. 3 . Cyclin B1, cyclin D1, and cyclin E1 protein expression levels were compared using RPPA between breast cancer subtypes defined by the intrinsic gene lists in cohort B composed of 168 breast cancers, of which 128 tumors had available transcriptional profiling data (Supplementary Table S2 ). The cyclins were quantified using RPPA and the log 2 transformed mean centered quantification data were graphed on the Y axis. Erbb2, HER2-positive; Lum A, luminal A; Lum B, luminal B; Normal, normal-like.
Cyclin B1 overexpression is associated with the combination of TP53 mutation and MYC amplification. In cohort D, whereas cyclin D1 and cyclin E1 mRNA expression levels were significantly correlated with the copy number of the corresponding genes, this was not the case with cyclin B1. Further, unlike the cyclin E1 gene (CCNE1) that was present in significantly higher copy numbers in basal-like versus other subtypes (ANOVA P < 0.001), CCNB1 gene copy number did not differ significantly between subtypes (ANOVA P = 0.61) and did not show gain in breast cancer. Neither was cyclin B1 (or E1) protein expression level associated with PIK3CA mutation status in cohort A or B. This suggests that the overexpression of cyclin B1 in basal-like and luminal B cancers is a consequence of oncogenic events other than CCNB1 gene amplification or common PIK3CA mutations.
MYC and TP53 genes have been shown mechanistically to regulate the CCNB1 gene promoter in opposing ways (26) . Further, in cohort D, MYC amplification was more frequent in basal-like and luminal B tumors than in other breast cancer subtypes. Indeed, >90% of basal-like and luminal B tumors exhibited amplification of MYC and/or mutation of TP53, compared with only 55% of ERBB2 and 47% of luminal A tumors. We therefore hypothesized that cyclin B1 overexpression in luminal B and basal-like tumors may occur as a consequence of MYC amplification and TP53 mutation.
In cohort D, cyclin B1 mRNA levels were elevated in tumors with MYC amplification compared with tumors possessing a normal MYC gene copy number, and also in TP53-mutant versus TP53-wild type cancers, with the most marked effect being found in tumors harboring both MYC amplification and TP53 mutation (Supplementary Fig. S4 ). This was validated in cohort B using cyclin B1 protein expression data (RPPA) and MYC gene expression as a surrogate for MYC gene copy number (not shown). The cyclins were quantified using RPPA and the quantification data were expressed in log 2 form for analysis with the clinical variables shown. Note that numbers may not add up to 195 in any particular category because of missing data. Cyclin B1 overexpression is associated with increased expression of PLK, CENPE, and AURKB. Cyclin B1 protein and mRNA expression levels were tightly correlated in both cohort B (R = 0.68/P = 0) and in breast cancer cell lines (R = 0.57/P = 0.00008). Cyclin B1 mRNA expression was found to be significantly and positively correlated (correlation coefficients >0.5) in each of cohorts B and D and in cell lines with mRNA expression levels of PLK1, PLK4, CENPE, and AURKB. The latter molecules are targets of current drug development programs. These correlations suggest that CCNB1 expression may modulate sensitivity to drugs against these targets.
Discussion
Cyclins D1 and E1 are well studied in breast cancer (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . Whereas the reported relationship between cyclin D1 expression and outcome is controversial, cyclin E1 overexpression is consistently associated with an increased risk of breast cancer relapse. Cyclin B1 is less extensively studied in breast cancer (11) . The current study is the first to report the differential expression of cyclins B1, D1, and E1 across clinically and molecularly defined breast cancer subgroups. It is also the first study to comprehensively report the clinical relevance of the expression of cyclins B1, D1, and E1 within specific breast cancer subtypes and to conclusively show that cyclin B1 plays as important a role as cyclins D1 and E1 in breast cancer. Indeed, cyclin B1 is the dominant cyclin associated with poor prognosis in hormone receptor-positive breast cancer.
In cohort A, transcriptional profiling data were not available to allow us to subgroup breast cancers into the intrinsic subgroups. However, there is a significant overlap between breast cancer classification using clinical criteria and based on intrinsic gene expression, with triple-negative breast cancers and cell lines expressing a basal-like transcriptional profile, and luminal A and B breast cancers composed largely of hormone receptorpositive tumors (12) (13) (14) . Further, the differential protein expression levels of cyclins B1, D1, and E1 among different breast cancer subgroups that were defined using the clinical criteria Fig. 5 . An integrated analysis of cyclin B1, cyclin D1, and cyclin E1 expression in breast cancer. In human breast tumor cohort B, cyclin B1, cyclin D1, and cyclin E1 protein expression levels were integrated in the heat map. This analysis defined three large breast cancer subgroups (i, ii and iii) that were associated with significantly different outcomes in all breast tumors and when the analysis was confined to ER-positive (ER+) breast cancers only (color coding matches each subgroup name to the corresponding survival curves). The cyclins were quantified using RPPA and quantification data were log 2 transformed and mean centered for clustering in the heat map.
were consistent in both cohorts A and B in this study. We showed that cyclin E1 overexpression occurs specifically in triple-negative and basal-like breast tumors; high cyclin B1 expression occurs in luminal B; poor prognosis hormone receptorpositive and triple-negative/basal-like tumors and high cyclin D1 expression occurs in hormone receptor-positive, luminal B, luminal A, and in normal-like breast tumors. These subtype associations were consistent across three large tumor cohorts (A/B/D).
As reported previously (8, 9) , across all breast cancers, cyclin E1 overexpression was associated with high tumor grade and with a significantly increased risk of relapse and death in our present study. However, the effect of cyclin E1 overexpression on patient outcomes is likely due in part to the specific association between high cyclin E1 expression and poor prognosis basal-like and triple receptor-negative breast cancers, an association that persisted even when tumor grade was accounted for. When analyzed within specific breast cancer subtypes, cyclin E1 did not significantly influence RFS or OS times. Indeed, the relatively low expression of cyclin E1 in hormone receptor-positive and luminal breast cancers and its lack of an association with tumor grade or patient outcomes specifically in these breast cancer subtypes suggest that cyclin E1 may not play a major role in hormone receptor-positive breast carcinogenesis.
Cyclin B1 is the dominant cyclin associated with aggressive behavior of hormone receptor-positive breast cancer in both univariate and multivariate analyses across several sample sets. As shown by Cox regression analysis (Supplementary Table S4 ), the effect of cyclin B1 overexpression on hormone receptorpositive breast cancer patient outcomes may not be entirely attributable to tumor grade. Like cyclin E1, although high cyclin B1 expression occurs in triple-negative/basal-like tumors, the cyclin B1 expression level does not influence the outcomes of patients with this form of breast cancer.
An integrated analysis of cyclins B1, D1, and E1 in breast cancer reveals that different expression patterns are associated with differential patient outcomes (Fig. 5) . Coordinate overexpression of cyclins B1 and E1 with low cyclin D1 expression occurs in almost all basal-like breast cancers. Given their distinct expression patterns in breast cancer and the lack of a direct correlation between the expression levels of all three cyclins, cyclins B1, D1, and E1 may serve distinct roles in the pathogenesis of different breast cancer subtypes. Cyclin overexpression is driven at least partly by gene amplification for cyclins D1 and E1 but not for cyclin B1 in breast cancer. Instead, cyclin B1 overexpression is likely driven in part by a combination of TP53 mutation and MYC amplification, a combination that seems pathognomonic of basal-like and luminal B tumors. Cyclin B1 overexpression was tightly correlated with overexpression of PLK, CENPE, and AURKB, all targets of current drug development programs.
Our study has some shortcomings. RPPA is useful for objective quantification of protein expression in cell lines and tumor tissues but does not provide information on the intratumoral or cellular localization of proteins and thus on the effect of different cyclin localization patterns on clinical outcomes. Further, and in particular with regard to cyclin E1 (8), RPPA does not discriminate between the protein products of different splice variants.
In conclusion, the expression levels of cyclins B1, D1, and E1 are differentially deregulated in different breast cancer subtypes. This may suggest that cyclins B1, D1, and E1 may have distinct roles in different breast cancer subtypes. This study is the first to comprehensively examine the relevance of overexpression of cyclins B1, D1, and E1 to the clinical behavior of distinct breast cancer subtypes. Cyclin B1 is the dominant cyclin associated with poor prognosis of hormone receptor-positive breast cancers. The effect of cyclin B1 overexpression on hormone receptor-positive breast cancer patient outcomes is likely not entirely attributable to tumor grade. Novel PLK, CENPE, and AURKB inhibitors may have utility in the treatment of cyclin B1-overexpressing breast cancers that are currently associated with a poor prognosis (basal-like and luminal B cancers).
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